The continuing decline of ocean fisheries and rise of global fish consumption has driven aquaculture growth by 10% annually over the last decade. The association of fish farms with disease emergence in sympatric wild fish stocks remains one of the most controversial and unresolved threats aquaculture poses to coastal ecosystems and fisheries. We report a comprehensive analysis of the spread and impact of farm-origin parasites on the survival of wild fish populations. We mathematically coupled extensive data sets of native parasitic sea lice (Lepeophtheirus salmonis) transmission and pathogenicity on migratory wild juvenile pink (Oncorhynchus gorbuscha) and chum (Oncorhynchus keta) salmon. Farm-origin lice induced 9 -95% mortality in several sympatric wild juvenile pink and chum salmon populations. The epizootics arise through a mechanism that is new to our understanding of emerging infectious diseases: fish farms undermine a functional role of host migration in protecting juvenile hosts from parasites associated with adult hosts. Although the migratory life cycles of Pacific salmon naturally separate adults from juveniles, fish farms provide L. salmonis novel access to juvenile hosts, in this case raising infection rates for at least the first Ϸ2.5 months of the salmon's marine life (Ϸ80 km of the migration route). Spatial segregation between juveniles and adults is common among temperate marine fishes, and as aquaculture continues its rapid growth, this disease mechanism may challenge the sustainability of coastal ecosystems and economies.
O
cean fisheries and ecosystems are in decline (1, 2) . The collapse and low resilience of exploited fish stocks (3) and declines in the abundance of global fishery landings (4) illustrate the challenges facing the sustainability of ocean fisheries (4, 5) . These effects are partly mitigated by the rise of aquaculture, in which the farming of herbivorous fishes promises to improve global fish supplies (6) . However, the decline of ocean fisheries and ecosystems can also be exacerbated by the industrial farming of carnivorous fishes such as salmon (6) (7) (8) . By feeding farm salmon proteins and oils extracted from wild fish, there is a net loss of fish supply (6) . Escaped farm salmon spread domesticated genes into wild populations (9) and have the potential to invade and displace native wild stocks (10) (11) (12) . Finally, the spread of infectious pathogens from farm to wild salmon may also threaten wild stocks (13) . Despite decades of work, the extent and impacts of parasite transmission from farm to wild salmon have remained contentious and unresolved (14, 15) .
Most emerging infectious diseases in wildlife arise through complex interactions among humans, wildlife, and domesticated animals (16) . The spread of nonnative parasites from livestock to wildlife has reduced the abundance (16) (17) (18) and resilience (19) of some wildlife populations and has challenged the conservation of other threatened or endangered species (16, 17, 20) . For many marine fishes, aquaculture can change the dynamics of normally benign native parasites by providing parasites novel access to juvenile hosts. For Pacific salmon, juveniles are not sympatric with adults (and their parasites) for their first several months of marine life (21) . However, salmon farms can undermine this temporal refuge from lice early in the salmon's life cycle. During their first months at sea, wild salmon are sympatric with large abundances of domesticated salmon (and their parasites). This change in the timing and magnitude of parasite transmission in a host's life history may undermine a functional role of migration in protecting juvenile fish from parasites associated with adult fish.
The rise of salmon farming has coincided with the emergence of native sea lice (Lepeophtheirus salmonis) infestations of sympatric wild juvenile salmonids. Afflicted areas include Norway (22) , Scotland (23) , Ireland (24) , and Canada (25) . The infestations are concurrent with declines in affected populations, but the causal linkages are obfuscated by the myriad factors affecting wild fish populations, such as density dependence, climate, fishing, and habitat degradation. Here, we present extensive data sets and mathematical models that couple louse transmission and pathogenicity to estimate the impact of farms on the survival of wild juvenile pink (Oncorhynchus gorbuscha) and chum (Oncorhynchus keta) salmon migrating through an archipelago off the west coast of Canada. The analysis yields quantitative insights into the mechanisms and extent of impacts of aquaculture on disease dynamics in wild fish populations. More generally, the results inform the development of marine conservation and disease theory and its application in fisheries and aquaculture management.
Results
The transmission dynamics data set totaled 14,255 juvenile salmon nonlethally assayed for copepodid, chalimus, and motile stage lice at 1-to 3-km intervals along 40-80 km of three different migration routes containing two to three farms each ( Fig. 1 and Fig. 4 , which is published as supporting information on the PNAS web site). From among three candidate models, the data best supported a model that had a uniformly distributed ambient population of infectious planktonic larvae and point sources of planktonic larvae situated at the farms (likelihood ratio test, P Ͻ Ͻ 0.0001; Akaike weights Ϸ1; Tables 1-3 , which are published as supporting information on the PNAS web site). Across all data sets, this model fit the data well ( Fig. 2 and Figs. 5 and 6, which are published as supporting information on the PNAS web site). The other models contained only farm-or ambient-origin lice. With the parameter estimates from the best-fit model, we reconstructed the spatial distributions of infective larvae originating from each source. Farm salmon were the primary source of lice, raising the density of infective parasite larvae above ambient levels for Ͼ80 km of the migration route (Figs. 2, 5, and 6).
The data from the survival experiments totaled 3,687 juvenile salmon with initial infection intensities ranging from zero to five chalimus lice. The data best supported a survival model that contained a gamma-distributed random variable for the parasite's developmental stage at which there is a marked increase in pathogenicity (likelihood ratio test; pinks, P ϭ 5 ϫ 10 Ϫ18 and chums, P ϭ 5 ϫ 10 Ϫ35 ; Fig. 3 ; see also Fig. 7 and Table 4 , which are published as supporting information on the PNAS web site). We mapped the survival model onto space via the average juvenile salmon migration speed (Ϸ1 km⅐day Ϫ1 ; Table 3 ) and coupled it to the larval distributions and infection rates identified by the transmission dynamics model. By removing ambient lice from the best-fit model, we calculated the proportions of the juvenile salmon populations that survived parasitism from farmorigin lice. These were 5-26% for pink salmon and 10-70% for chum salmon in the Tribune Channel data sets, 49-78% for pink salmon and 69-91% for chum salmon in the Knight Inlet data sets, and 11-35% for pink salmon in the Kingcome Inlet data sets. Detailed results are available in Supporting Text, which is published as supporting information on the PNAS web site.
Discussion
The ecological mechanism underlying this emerging infectious disease is that farm fish undermine a functional role of host migration in protecting wild juvenile hosts from parasites associated with adult hosts. Under natural conditions, L. salmonis is common on adult Pacific salmon (26, 27) but rare on juvenile pink and chum salmon during their first months at sea (25) . This is because juvenile salmon enter the sea without lice several months before the return of wild adult salmon (21) . However, in areas containing salmon farms, wild juvenile salmon are sympatric with large abundances of domesticated salmon (and their parasites) during their early marine life. Farms provide parasites novel access to these juvenile hosts, resulting in measurable and sometimes severe impacts on salmon survival.
Although most of the lice observed in this study were farmorigin, there were also ambient-origin lice. This was measured in areas landward of the farms where lice abundances were low and spatially uniform. These data can be thought of as a control and conform well to the null models where lice abundances are spatially uniform in the absence of farms. Low abundances of lice have also been observed on juvenile pink and chum salmon during their first months at sea in areas distant from salmon farms (25) . These lice represent the combined contributions from resident alternate hosts, Chinook salmon (Oncorhynchus tshawytscha), sea-run cutthroat trout (Oncorhynchus clarki), and Dolly Varden (Salvelinus malma). These species are orders of magnitude less abundant than both farm salmon and returning adult pink and chum salmon, which are the primary natural hosts for lice (26) . The different abundances of these hosts mean that farm salmon provide lice a significant novel transmission route, which in this case operates for at least the first 2.5 months of the salmon's marine life (80 km of migration route).
Usually considered benign on adult salmon, L. salmonis was a severe pathogen of juvenile pink and chum salmon. Generally, an abundance of more than two motile lice was lethal, and survival of hosts with one or two motile lice was poor (survival of uninfected hosts was nearly 100%; see Fig. 8 , which is published as supporting information on the PNAS web site). As the lice progressed through their life cycle, they also increased in pathogenicity, but the patterns differed between host species. For pink salmon, the onset of increased pathogenicity occurred abruptly with the emergence of preadult lice, but for chum salmon, it was more widely distributed around adult lice ( Table  4 ). The high pathogenicity and abundance of lice resulted in a farm-induced cumulative epizootic mortality of wild juvenile salmon that ranged from 9% to 95%. These results were consistent across multiple data sets spanning temporal, spatial, and taxonomic replication. The estimated mortality of wild salmon is high but consistent with direct field observations of the epizootics, where schools of infested moribund juvenile salmon were abundant.
We did not consider the possibility that food limitation or predation risk would be more severe for infected hosts. Generally, poor nutrition is thought to reduce the resistance of fish hosts to disease (28, 29) , and parasitized prey are known to be more vulnerable to predation (30, 31) . These interactions would likely increase mortality estimates. Only one assumption, relatively low motile louse mortality over the timescale of the survival trials, could cause an overestimate of the per-capita impact of lice. However, empirical data suggest motile lice are long-lived (32) , at least as long as their occurrence in the survival trials (16-36 days) . It is unlikely that an alternate problem may have predisposed salmon to the epizootics; research programs by universities, conservation organizations, provincial and federal governments, and industry have not identified a prevalent viral or bacterial pathogen or other physical stressor. The life cycles of most temperate marine fishes involve a period of spatial segregation between juveniles and adults. This segregation may protect juveniles from parasites associated with adults. For salmon, migration provides a temporal refuge from lice in early marine life. Farm salmon can eliminate this refuge, resulting in high epizootic mortality in wild salmon populations. These effects may not be limited to salmon but may extend to other species coming under culture around the world. Those that have migratory or highly dispersed life histories would be most at risk. As aquaculture continues its rapid growth into new regions, habitats, and species, this disease mechanism may challenge the sustainability of coastal ecosystems and economies.
Methods
To assess the impact of sea lice from salmon farms on the survival of wild juvenile salmon, we collected two types of data sets, one that tracks the infection dynamics of juvenile salmon migrating past salmon farms and another that tracks the survival of infested juvenile salmon collected from the field and reared in ocean enclosures. From the data sets, we used maximumlikelihood and model selection statistics to select and parameterize mechanistic models of sea lice transmission and juvenile salmon survival. These models were then coupled to estimate the mortality of wild salmon caused by farm-origin lice. Below we offer a brief overview of the methods. Further details appear in Supporting Text.
Transmission Dynamics. For 2 years (2004 For 2 years ( -2005 , we studied the infection dynamics of parasitic sea lice on juvenile pink and chum salmon as they migrated past active salmon farms, each containing Ϸ600,000 Atlantic salmon (Salmo salar). Three migration routes containing two, two, and three farms were surveyed for 40, 60, and 80 km, respectively. At 1-to 3-km intervals, we sampled Ϸ100 juvenile salmon as they approached and passed the salmon farms (Figs. 1 and 4). We used a nonlethal sea lice enumeration technique (33) to count the number of copepodid, chalimus, and motile lice on each fish, thus capturing the developmental progression of lice.
To analyze these data, we extended an established spatial model of the stage-structured dynamics of sea lice infecting juvenile salmon migrating past salmon farms (13) . The model uses advection-diffusion-decay equations to describe the dispersion of planktonic larvae. For parasitic stages, the infection dynamics on migratory juvenile salmon are described by the delay differential equations: 
which track the mean abundances of copepodid (C), chalimus (H), and motile (M) lice, respectively. Salmon migrate at an average velocity, v, and encounter local densities of infectious planktonic copepodids (L), which then attach to host fish at rate ␤. The proportions of surviving copepodids and chalimi are s c and s h , respectively. The are the cumulative distances salmon travel during successive louse developmental stages (C, H, and M).
We constrained the model by imposing independently estimated parameters for the advection, development, and mortality of planktonic larvae. Further, pink and chum data sets shared four parameters (larval dispersion, louse demographic rates, and ratios of farm and ambient louse production rates) in a composite likelihood function that spanned the data sets of both host species. We modeled the occurrence of infection events and subsequent louse survival as a Poisson-binomial process (ref. 13 ; Fig. 9 , which is published as supporting information on the PNAS web site) and used maximum-likelihood and model selection statistics to fit and compare models. The models consisted of only ambient-origin lice, only farm-origin lice, and both. . The first row shows the estimated spatial distributions of planktonic copepodids originating from all sources (thick gray line), from farm salmon (three thin curves), from ambient sources (horizontal thin line), and the second generation of farm-origin lice (dashed curve, TR-III only). Reproduction of lice parasitizing the juvenile salmon was not considered in TR-I and -II because of the absence of gravid female lice in those data sets. The middle three rows depict the mean abundances of lice (Ϯ95% bootstrap confidence interval) and maximum-likelihood model fits (black lines) along the migration route for the developmental progression through parasitic copepodid, chalimus, and motile stages. The bottom row depicts the estimated remaining juvenile salmon population that survived sea lice infestation. Temperature and salinity were measured at each site and averaged 9.0°C and 30.2‰ (TR-I), 10.4°C and 26.1‰ (TR-II), and 12.3°C and 22.2‰ (TR-III).
time-series analysis of mortality events consisted of a likelihoodbased comparison of survival models that described how lice change in pathogenicity as they mature. The best-fit survival model contained two parasitic stages, a relatively benign pathogen (young chalimus lice) and a severe pathogen (motile stages). The two stages induce mortality in their hosts at rates ␣ 1 and ␣ 2 , respectively. The first stage is divided into a series of n identically and exponentially distributed substages, where n is an estimated constant from the gamma distribution (35).
The survival model was then coupled to the transmission dynamics model by using the chain rule to map time to space. The coupled model tracks changes in the abundance of the two pathogenic stages of lice (P 1,i and P 2 ) as juvenile salmon migrate to sea:
where 1͞ 1 is the mean duration of the first pathogenic stage, which has variance (n 1 ) Ϫ1 . Having arrived at the second pathogenic stage, lice die at rate , which represents the sum of natural parasite mortality and parasite-induced host mortality rates ( ϭ 2 ϩ ␣ 2 ), which were not separately identifiable. However, could be estimated directly from the transmission dynamics data as
Ϫ1 . The proportion of juvenile salmon at location x surviving sea lice infestation was then determined by:
where N(x 0 ) ϭ 1, and x 0 is the landward extreme of the study area. The quantity p is the proportion of P 1 parasites that survive natural parasite mortality to reach the P 2 stage. There are four parameters (␣ 1 , p␣ 2 , n, 1 ) that were estimated from the survival data and two parameters (␤s c ⅐ v Ϫ1 , ) estimated from the transmission dynamics data. Each day, the number of mortalities was drawn from the number of survivors on the previous day using a binomial distribution with mortality probability calculated from the best-fit survival model. For all treatment replicates, the model has the same parameter values, except for H 0, which is specific to each enclosure.
Supporting Text

Transmission dynamics data
Three migration routes were studied: Tribune Channel (TR), Knight Inlet (KN), and Kingcome Inlet (KC). The TR sample sites are shown in Fig. 1 
Transmission dynamics model
The juvenile salmon migration routes are modelled as a one-dimensional infinite domain and the spatial stage-structured dynamics of lice infesting outmigrating juvenile salmon are given by the delay differential equations
which track the mean abundances of copepodid , chalimus, and motile lice, respectively. Salmon migrate at an average velocity v, lice attach to host fish at rate β, and s c and s h are the proportions of surviving copepodids and chalimi respectively. The λs are the cumulative distances salmon travel in the mean durations of successive developmental stages of lice (copepodids, chalimi, and motiles). These equations can also be written in their integral form
to specify mean abundance of louse developmental stages at location x.
Advection-diffusion-decay equations were used to describe the dispersion of planktonic larval lice from a point-source (salmon farm). Planktonic lice must first pass through a noninfective naupliar stage before developing into infective copepodids. The spread of nauplii from farm salmon is
with the conditions lim x→± ∞ n(x)=0. The diffusion coefficient D accounts for the combined effect of tides and winds and random movements of individuals, γ is the advection of larvae due to currents, and individuals die at a per capita rate µ n and transform to copepodids at rate θ n . We fixed γ = 1.56 km⋅day -1 , the average seaward advective flow for the Broughton Archipelago (2). We also fixed (µ n +θ n )= 4/5 days -1 according to experimental data of naupliar developmental and survival rates (3). The spatial steady-state solution yields a probability density function (PDF) for the distribution of nauplii around the source: 
The distribution of copepodids produced by farms at x i and copepodid numbers φ i is then
The presence of gravid female lice parasitizing the juvenile salmon requires an accounting for successive generations of lice. Assuming that the spatial distribution of juvenile salmon is uniform, then M parasitic motile lice per juvenile salmon at location y will produce ϕ planktonic copepodids, and these copepodids will be distributed according to
The distribution of planktonic copepodids from natural sources is approximated by a uniform spatial distribution: L 0 (x)=κ. The composite spatial distribution of planktonic copepodids from all three sources is simply their summation: L=L 0 +L 1 + L 2 .
Fitting the transmission dynamics model to field data
This model can also be formulated as a stochastic Poisson-binomial infection-survival process to create a probabilistic interface with data (4) . Let N c (x), N 
Thus, N h is a Poisson random variable with mean, H(x).
In the same way, we define s h as the probability a chalimus louse survives to the motile stage and arrive at a Poissondistributed spatially explicit mean for motile stages, M(x). This formulation allows us to assign probabilities to observations, write a likelihood function, compare models, estimate parameters, and so on.
We constrained the model by imposing independently estimated parameters for the advection, development, and mortality of planktonic larvae (described above). Further, for each spatiotemporal replicate (e.g., TR-I and TR-II are separate datasets as are TR-I and KN-I), pink and chum datasets shared four parameters (larval dispersion, louse demographic rates, and ratios of farm and ambient louse production rates), because pink and chum salmon data were collected simultaneously (there is no basis for a difference in these parameter values between host species). These common parameters were the diffusion coefficient of louse dispersion (D), ratios of source strengths (φ i /κ; the subscript denotes the farm number), and the ratios of the mean durations of louse development stages (λ h /λ c and λ h /λ m ). The host species-specific parameters were allowed to vary between host species. These parameters were louse survival (s c , s h ), the mean distance salmon travel in the mean duration of the parasitic copepodid stage (λ c ), the ambient infection pressure (κβ⋅v -1 ), and if gravid females were present in the datasets, the average reinfection intensity that motile lice impose (ϕβ⋅v -1 ).
The likelihood function consisted of the product of probabilities of observed copepodid, chalimus, and motile counts on each fish of both species across all sample sites within a dataset. That is, if Θ is the set of parameters common to pinks and chums, and if ∆ i is the set of parameters specific to pinks (i=p) or chums (i=c), then the likelihood function is
where s indexes the number of sample sites in a dataset, i indexes the host species (pink or chum), j indexes the developmental stage (copepodid, chalimus, motile), and k s,i indexes the number of fish of species i in sample s. The maximum-likelihood values of the six shared and five to six species-specific parameters were estimated using the genetic algorithm toolbox in Matlab. Several optimizations were run on each dataset until a single optimum was consistently found.
We fit three different models to the data. The models consisted of only ambient-origin lice, farm-origin lice, and both. The model with only ambient-origin lice was nested within the model with both sources, permitting us to use a likelihood ratio test to test the null hypothesis that lice from farms do not infect wild salmon (all lice are ambient origin).
Because not all the models were nested, we used Akiake Information criteria to select the best model from among the three posed. Across all datasets, the statistics show that farm salmon infected wild salmon with sea lice, and that the best model contained both farm and ambient sources of lice (Tables 1 and 2 ). Both the parameter estimates and the reconstructed spatial profiles of lice larvae indicate that farm salmon were the primary source of lice (Figs 2, 5, and 6; Table 3 ).
Mortality estimation
First, we show generally how parasite-induced host mortality appears as an unidentifiable parameter in the transmission dynamics model. Then we briefly describe the survival analysis and its coupling to the transmission dynamics model.
Recall that in the simplest host-parasite model (6) the rate of loss of parasites due to nonparasite related host mortality is
, where µN is the nonparasite-related host mortality rate, Φi is the probability a host has i parasites, N is the density of hosts, and P is the density of parasites. Similarly, the loss of parasites due to parasite-induced host mortality is the summation
, where the rate of host mortality induced by i parasites is αi (ref. 6). Building on this foundation, we consider a parasite that is divided
into Ω substages, each of the same duration and indexed by j. The parasite infects a cohort of hosts, and we need not consider parasite reproduction. The model takes the form
where P j is the density of stage j parasites, N is the density of hosts, β is the infection rate, L is the density of parasite larvae, α j is the rate of host mortality induced by parasite stage j, µ j is the mortality rate of parasite stage j, θ is the transformation rate of parasites from one stage to the next, µN is the natural host mortality rate, and Φ i 1 i 2 ...i Ω is the probability a host has exactly i 1 parasites of stage 1, i 2 parasites of stage 2, and so forth. (The characteristic function χ A takes the value 1 when statement A is true and the value zero when A is false.)
For a Poisson-distributed parasite (Fig. 9) , this results in a linear equation for the dynamics of the mean abundance of the parasites
When Ω→∞, we arrive at the transmission dynamics model, which is a delay-differential equation that implicitly assumes zero variance in the duration copepodid, chalimus, and motile stages. This is consistent with other work (7) that found a long waiting time within a stage before parasites quickly developed into the next stage. Note that αj remains unidentifiable when fit to field data of parasite abundances, because it appears with the host mortality term µj in the above equation. Thus, lack of information on this parameter does not affect the transmission dynamics results, and independent information is required to estimate the mortality impact of lice.
Analysis of 2004 mortality data
We analyzed a subset of data from Morton and Routledge (8), where juvenile salmon were sorted into copepodid and chalimus I/II stage infection categories, held in flow through ocean enclosures, and provisioned with fish feed (8) . For robust model fitting, we required a broad range of infestation levels and stable physical conditions (e.g., temperature and salinity). For this purpose, we used data from the second replicate in Morton and Routledge (8) . The first replicate did not capture the upper range in infestation levels. The third replicate had possible temperature stresses towards the end.
In the survival analysis, Q(t) is the probability a host fish survives to time t. The probability density function of mortality events is
and, because the data were censored (the experiments ended before the fates of all fish were observed), the likelihood function is
where the τi are the mortality times for each dead fish, and the τj are the times each surviving fish was removed from its enclosure and released. The likelihood function includes all treatment levels and their replicates.
We considered two survival models that reflect possible changes in pathogenicity as lice progress through development and growth. Because the control treatments (no lice) experienced very low mortality (in four treatments with 60 fish each, there were 2, 2, 2, and 1 mortalities), we exclude natural mortality from the models. We approximate the change in pathogenicity by dividing the louse life cycle into two stages. The first pathogenic stage begins with chalimus lice, which induce mortality in their host at rate α 1 per parasite per unit time. The second stage of increased pathogenicity induces host mortality at rate α 2 per parasite per unit time. We leave the waiting time between these stages to be a free parameter, allowing us to identify where in the parasite's life cycle there is a marked change in pathogenicity. We also leave the variance in this waiting time to be a free parameter by dividing the first pathogenic stage into a series of n substages, each of equal pathogenicity and with exponentially distributed waiting times of equal duration. The waiting time therefore has a gamma distribution, ψ, with mean µ -1 and variance (nµ) -1 (refs. 9 and 10). The probability that a louse remains in the first pathogenic stage after t time units is
Assuming the second stage persists over the time scale of the observational studies, the probability that a fish carrying H 0 young chalimus lice at time 0 is alive at time t is expressed by the survival function 
Connecting mortality estimates with survival of outmigrating juvenile salmon
To estimate the cumulative mortality of outmigrating juvenile salmon due to sea lice infestation, we coupled the survival model to the transmission dynamics model. In our model, time maps onto space by the mean migration velocity of juvenile salmon, v=x ⋅ t
such that any function describing the dynamics of salmon (or parasitic lice) in time g(t)
becomes a function of space g(x) by using the chain rule
The model for the dynamics of lice through the pathogenic stages is
The first term in the first equation describes the influx of chalimus stage lice, similar to the transmission dynamics model. These lice then move through successive pathogenic substages, the number of which was estimated in the survival analysis. 1/µ 1 is the mean duration of the first pathogenic stage, which has variance (nµ) -1 . Once arriving in the second pathogenic stage, lice die at rate σ, which represents the sum of natural parasite mortality and parasite-induced host mortality rates (σ = µ 2 + α 2 ), which were not separately identifiable. However, σ could be estimated directly from the transmission dynamics data 
